MF radar observations of hourly mean zonal and meridional winds at 86 km over Tirunelveli (8.7 • N, 77.8
Introduction
The zonal mean circulation in the equatorial and lowlatitude middle atmosphere is characterized by quasibiennial oscillation (QBO) with an average periodicity of nearly 28 months that dominates in the lower stratosphere (Wallace and Kousky, 1968) and semiannual oscillation (SAO) with a periodicity of nearly six months, that dominates in the upper stratosphere and lower mesosphere and in the mesopause region (Hamilton, 1982; Vincent, 1993; Tsuda et al., 1995; Burrage et al., 1996 , to state a few). In the lower stratosphere, the existence of QBO is mainly due to the vertical transfer of momentum by gravity waves (Dunkerton, 1997) , though the observed amplitudes of equatorial waves, namely, Kelvin and Rossby-gravity waves, may be sufficient to drive a QBO in idealized models of the atmosphere (Holton and Lindzen, 1972; Plumb and McEwan, 1978) . The SAO is mainly driven by gravity waves, with some contribution to its eastward phase from Kelvin waves (Dunkerton, 1982) .
The stratopause and mesopause SAO winds are nearly out of phase with each other (Hirota, 1978) . The stratopause (mesospause) SAO shows eastward maxima at the equinoxes (solstices) and westward maxima at the solstices (equinoxes). Dunkerton (1982) suggested that the gravity-wave transmittivity through the stratopause region would be strongly modulated by the presence of the SAO to cause the observed out-of-phase relation between the stratopause and mesopause oscillations.
The SAO has some of the characteristics in common with the QBO. Both QBO and SAO are equatorially confined with a half width of about 25
• latitude. Both are generated by flux convergence of upward propagating waves. The downCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. ward propagation is shown by both oscillations, however, it is limited only to the eastward phase of the stratospheric SAO (Andrews et al., 1987) . Recent satellite and radar observations bring out the presence of interannual variability of westward phase of mesopause SAO (MSAO) occurring during spring equinox (Burrage et al., 1996; Rajaram and Gurubaran, 1998) . There has been found an apparent interannual modulation of the westward phase of the MSAO (sometimes termed as 'mesospheric QBO') by the stratospheric QBO. It has been suggested that the mesospheric SAO could be modulated by the westward phase of stratospheric QBO (Burrage et al., 1996) and that the apparent modulation comes through selective damping of the spectrum of vertically propagating waves forced by deep convection in the tropics. Mayr et al. (1997) , through simulations with a global scale spectral model, suggested that the 'mesospheric QBO' could be driven by selective filtering of smallscale gravity waves by the underlying winds through which they propagate. Garcia et al. (1997) supported the plausibility of gravity wave filtering effects in interpreting the observed interannual variability of the MSAO. The simulation of Garcia and Sassi (1999) attempted to justify the role of planetary and intermediate-scale waves (zonal wavenumbers 5-25) by forcing them with plausible estimates of unsteady convective heating. However, the observational confirmation for the existence of these waves is lacking.
Besides SAO in zonal wind, the tides and planetary-scale waves observed in the mesosphere and lower thermosphere (MLT) region also undergo strong interannual variability (Vincent et al., 1998; Gurubaran and Rajaram, 1999; Gurubaran et al., 2001) . It may be due to the interannual variability of either wave excitation mechanisms or background winds through which they propagate. The stratospheric QBO winds selectively control the upward propagation of those waves that have their origin in the lower atmosphere depending on their phase velocity. Hagan et al. (1999) investigated the effects of the stratospheric QBO on the migrating diurnal tide based on numerical experiments conducted with the global scale wave model. The diurnal tidal response was found to be significantly affected by the QBO in zonal mean zonal winds, but largely insensitive to the QBO in stratospheric ozone.
In this paper, the possible influence of stratospheric QBO on the vertical propagation of planetary waves to MLT region is examined using the wind data obtained by medium frequency radar at Tirunelveli during the years 1993-1997. The stratospheric QBO is inferred from the monthly mean stratospheric wind measurements at 30 hPa level obtained by radiosondes at Singapore. It is presumed that the waves examined in this work originate below the stratosphere. As they propagate through the stratospheric QBO, they interact with the background wind. Those waves having phase speeds exceeding the QBO wind speeds and those having propagation direction opposite to the direction of the QBO phase escape to mesospheric heights. In the latter region the waves interact with the dominant wind system, namely, the mesopause semi-annual oscillation. The discussion of the results presented herein is oriented towards examining these interactions at stratospheric QBO and MSAO levels. Though the analysis is qualitative in nature, the results highlight possible influences of stratospheric QBO and MSAO wind systems on the observed long-term variabilites of planetary-scale waves in the MLT region.
Data Analysis
The medium frequency radar operating at Tirunelveli (8.7 • N, 77.8
• E) has been providing wind information in the altitude region of 68-98 km since the middle of 1992. The system details, mode of operation and the method of wind determination are the same as described by Vincent and Lesicar (1991) . Results on mean winds (Rajaram and Gurubaran, 1998) , tidal climatologies (Gurubaran and Rajaram, 1999) , and characteristics of quasi-2-day wave and 3.5-day ultra-fast Kelvin wave (Gurubaran et al., 2001; Sridharan et al., 2002) were reported earlier. The data acceptance rate is relatively high in the altitude region of 84-88 km (Rajaram and Gurubaran, 1998) and therefore, the data from these heights are averaged, linearly interpolated to fill gaps and used to bring out the time-evolution of wave energy. The temporal variabilities of the wave energies are compared with the phase of stratospheric QBO at 30 hPa.
Results and Discussion
The time-height cross-sections of monthly mean zonal winds from 70-98 km for the years 1993-2001 is presented in the contour form in Fig. 1 . Shaded portions of the contours represent westward flow regimes and unshaded portions represent eastward flow regimes. The blocks containing slashed lines show the intervals of missing data. There are a few data gaps in the months of May 1993, May 1994, and March-June 1998. As reported earlier (Rajaram and Gurubaran, 1998) , the mean zonal wind in the mesospheric region over Tirunelveli shows a semi-annual oscillation (SAO) with westward flow during equinoxes and eastward flow during solstices. One can notice an interannual variability in the enhanced westward flow during the spring equinoxes near the mesopause region. Peak westward flows of ∼80 m/s, ∼55 m/s, and ∼40 m/s are observed during 1993, 1995 and 1997 respectively. The flows are weaker during the equinox periods of 1994 and 1996. This feature is qualitatively identical to the one detected by Burrage et al. (1996) in data samples obtained from the UARS satellite and ground-based MF radar experiment conducted from Christmas Island. Apart from this signature, the maximum westward velocities in the present analysis are comparable in equinox and solstice months of the years 1999-2001 and hence there is no distinct interannual variability seen during those years.
The presence of dominant planetary-scale wave modes can be inferred from the power spectrum of measured wind components. The average spectra of the zonal and meridional winds derived from 35 months (November 1994 -September 1997 of wind data are presented in Fig. 2 . The spectra for zonal (solid line with circle) and meridional winds (dashed line with squares) are constructed by subdividing the time series into 2048-hour segments and averaging the power spectra computed for each segment. The zonal and meridional winds data are high-pass filtered with a cut-off period of 20 days, before subjecting them to power spectrum analysis. The segments are overlapped by 25% in order to minimize the variance associated with each spectral estimate (Press et al., 1992) . Spectra computed for three heights, namely, 84, 86 and 88 km are then averaged to further improve the spectral estimate. To test the statistical significance of the spectral amplitude (R k ), we have used a method in which the prob-
2 , the summation on the left hand side runs from k = 1 to m and that on the right hand side runs from i = 1, N , the number of points; m = N /2. The error introduced in neglecting the higher order terms is only 0.1% for p = 0.05 (95% confidence level). Therefore, the parameter g (for p = 0.05) can be calculated from the re- 05 (for 95% confidence level), the amplitude is 95% significant. The 95% confidence level is shown as dotted lines in the amplitude spectra of zonal and meridional winds (Fig. 2) to infer the significance of the peaks observed.
In Fig. 2 narrow spectral peaks associated with the diurnal (24 hr), semi-diurnal (12 hr) and terdiurnal (8 hr) tides are clearly evident. The tides are observed to be more dominant in meridional wind than in zonal wind. Periods shorter than about 1 day are ascribed to gravity wave motions. There are also peaks with smaller amplitudes at periods longer than 24 hours. The broad peak with a period near two days in the meridional component is due to the 2-d wave, which is a strong feature of the midlatitude summer mesosphere, particularly, in the southern hemisphere (Salby, 1981a, b; Harris, 1994; Palo et al., 1997) . The zonal spectrum shows noticeable power in the period range between 3 and 10 days, with peaks near 3-4 days and 6-8 days. The former peaks denote the presence of 3.5-day wave, which is known to be an ultrafast Kelvin wave having a period varying between 3.0 and 3.8 days (Kovalam et al., 1999; Sridharan et al., 2002) . The latter peaks denote the 6.5-day wave, which is a westward propagating disturbance (Meyer and Forbes, 1997) , sometimes stronger in its energy than the diurnal tide as noted in a recent work of the authors (not published). Both spectra show peaks in the period range 12-20 days. However, the peaks in zonal wind spectrum are more enhanced than their meridional counterpart. They correspond to the 16-day wave, which has been reported as being observed more frequently in winter (Manson and Meek, 1986) . However, noticeable wave activity has also been observed in summer (Williams and Avery, 1992) . The spectra for the zonal and meridional winds are very similar to those reported from other equatorial and low-latitude sites, namely, Christmas Island (2 • N, 157
• W) and Pontianak (0 • N, 109
• E) (Kovalam et al., 1999) . Figure 3 shows the comparison of monthly mean zonal wind at 86 km over Tirunelveli (top panel) and radiosonde winds at 30 hPa over Singapore (bottom panel). The longperiod oscillation in zonal wind at 86 km (shown as continuous curve) obtained by band-pass filtering (22-35 months) its monthly mean values is also plotted in the bottom panel. In Fig. 3 it is evident that the mesospheric QBO is nearly out of phase with the stratospheric QBO signature during the years 1993-98. However, it may be noted that this kind of anticorrelation is comparatively weaker during later years (1999) (2000) (2001) , the causes of which are yet to be examined.
The possible association of the activity of planetary-scale waves with the direction of stratospheric QBO winds is next investigated. Figures 4-7 show the comparison of the stratospheric QBO phase at 30 hPa (bottom panel in all figures) and time-variance of 2-d wave (Fig. 4) , 6.5-d wave (Fig. 5) , 16-d wave (Fig. 6 ) and 3.5-d wave (Fig. 7) in zonal wind at 86 km (top panels) for the years 1993-1997, presented in the area-preserving variance content form. The data for the years 1998 to 2001 are not considered, as the percentage of data acceptance during these years is relatively smaller and it may cause greater uncertainties in the estimation of planetary wave characteristics.
Most observations in the southern and northern hemispheres generally suggest that the 2-d wave is consistent with a westward propagating wave of zonal wavenumber 3 (for example, Muller and Nelson, 1978; Craig et al., 1980) . On the other hand, zonal wavenumbers between 2 and 5 were also reported in the literature Cevolani et al., 1983; Meek et al., 1996) . The mechanism by which the 2-d wave is generated remains uncertain. It has been reported in the past that the 2-d wave could be generated in-situ as an unstable mode probably arising from the instability processes at stratopause/lower mesospheric jets at midlatitudes (Plumb, 1983; Pfister, 1985; Salby and Callaghan, 2001 ). Stability analysis presented in these reports shows peaks of unstable wave growth at zonal wavenumbers 2-4 with periods 1.5-3 days. The baroclinic instability occurs only at limited times of the year when the summer stratopause jet has its greatest curvature. The presence of 2-d wave observed in radar measurements almost throughout the year precludes the baroclinic instability hypothesis. An alternating generating mechanism was proposed by Salby (1981a) who suggested that the wave is a manifestation of the (3, 0) atmospheric normal mode driven by "noise" at lower levels. Since identification of the generating mechanism of the 2-d wave and its wavenumber characteristics remain unresolved issues, for the purpose of the present analysis we may as well presume that the waves reach the MLT heights from below and are of zonal wavenumbers 2-5. From Fig. 4 , it can be inferred that more active periods of the 2-d wave occur during mid-1993 and early 1995 when the stratospheric QBO winds are weakly eastward. The low wave active periods of 2-d wave during the years 1994 and 1996 coincide with the peak westward flow of stratospheric winds. From the relation C p = ω/k, the phase speeds for zonal wavenumbers 2 to 5 for the 2-d wave are calculated to be ∼120 m/s, ∼70 m/s, ∼50 m/s, and ∼40 m/s, respectively. The phase speeds of 2-d wave of zonal wavenumber 5 are comparable to the mean wind speeds (maximum of 35 m/s at 30 hPa) associated with the westward phase of the stratospheric QBO. Hence, waves of latter wavenumber may encounter critical region when the background wind velocity is westward and its magnitude is comparable to the phase speed of the waves (for example, during the years 1994 and 1996). When the underlying winds are eastward (for example, during the years 1993, 1995 and 1997) , westward propagating waves of all zonal wavenumbers will not encounter critical regions and hence propagate through them with little damping. During July 1993, peak wave activity is observed when the QBO wind at 30 hPa undergoes transition from eastward to westward phase, a situation still favourable for the propagation of 2-d waves. The 2-d wave peak observed during January 1995 occurs during the eastward phase of the stratospheric QBO at 30 hPa. It may be noticed that the spectral variances for 1997 (July) are smaller when compared to the other strong active levels observed during 1993 (July) and 1995 (January). The stratospheric QBO is in the eastward phase at this time (July 1997) . The observed lower activity may be associated with the temporal variability of the wave excitation mechanism.
Though the 2-d wave is a summer phenomenon, observations indicate that they may appear during equinoxes also (for example, during September-October 1995 in the present work) (Thayaparan et al., 1997, for other work) . It may be noted that the background wind at MLT heights has large westward speeds during these MSAO equinox regimes. From the estimated phase speeds associated with lower wavenumbers 2, 3 and 4 (∼120, 70 and 50 m/s respectively) and the observed mean wind speeds (∼50-80 m/s) at MLT heights, we may expect that the observed waves during equinoxes would be of the lower zonal wavenumber 2. Observations from widely spaced stations are required to confirm this feature. During solstice seasons, however, the 2-d wave can propagate through the mesospheric heights, as the wind direction at MLT heights during solstices is mainly eastward.
Radar and satellite observations show that the 6.5-d wave is a westward propagating wave of zonal wavenumber 1 (Kovalam et al., 1999; Talaat et al., 2001) . It was proposed to be generated by forcing due to high-latitude baroclinic instability (Meyer and Forbes, 1997) . However, Talaat et al. (2001) found little mid-or high-latitude structure in the zonal wind amplitude in the UARS-HRDI data sets. It is suggested that in-situ forcing is not occurring at least in the altitude region sampled by HRDI (50-115 km). As with the case of the 2-day wave, it is presumed in the present analysis that the 6.5-d wave is generated in the lower atmosphere and propagates through the stratosphere to the MLT region. Figure 6 shows the same as Fig. 5 but for 6.5-d wave. The 6.5-d wave activity is observed to be larger with variance greater than 70 m 2 s −2 during April 1994 and April 1996, when stratospheric winds are westward. These peaks in wave activity occur when mesospheric zonal wind is weakly westward (see Fig. 3 ). The wave variance is comparatively less ( 50 m 2 s −2 ) during April 1993, 1995 and 1997, when stratospheric winds are westward. Since the 6.5-d wave is believed to be a westward-propagating wave, it would undergo critical level absorption at stratospheric heights, if it had velocity nearly equal to the stratospheric westward wind speed (∼35 m/s). Observational evidences have shown that the 6.5-d wave is, in general, found to have zonal wavenumber 1 (Kovalam et al., 1999) . The phase speed of the 6.5-d wave is computed to be ∼65 m/s for zonal wavenumber 1. This being greater than the stratospheric QBO wind speeds (∼35 m/s), it is inferred that this wave would reach mesospheric heights.
The variability of MLT mean winds needs to be examined in order to explain the presence of these waves at these heights. Since the mesospheric mean westward winds are sufficiently strong during the equinox months of the years 1993, 1995 and 1997 (50-80 m/s) and the wind speed has become comparable to the phase speed of the wave, the wave might have undergone absorption at mesospheric heights. Though the stratospheric winds are westward during the years 1994 and 1996, the phase velocity of the wave is much greater than the QBO wind speeds and hence the wave can reach mesospheric heights conveniently. The wave may reach even greater heights, as mesospheric winds are not so strong in the years 1994 and 1996. The secondary maxima in wave activity are observed during July-September 1993 , January-February 1995 , July-August 1997 . These periods coincide with either eastward mesospheric SAO or change of SAO phase from eastward to westward. Miyoshi (1999) based on the results obtained with the numerical simulation of 16-d wave found that the wave is mainly excited by heating due to the moist convection in the troposphere. The wave then penetrates into the middle atmosphere. In this scenario, let us consider now the possible influence of stratospheric QBO winds on the vertical propagation of 16-d wave in zonal wind. ances greater than 100 m 2 s −2 during spring equinox months (March-April) of 1993, 1995 and 1997 , when the stratospheric QBO winds are eastward. The wave has smaller energy during those months of the years, 1994 and 1996, with variances less than 60 m 2 s −2 , when the underlying winds are westward. The phase velocity for the 16-d wave with zonal wavenumber 1 is ∼30 m/s from the known wavenumber-phase velocity relationship. This is comparable to the maximum westward stratospheric QBO wind speed. As the wave is westward propagating, it may undergo critical level absorption at stratospheric heights during the years 1994 and 1996, when the stratospheric QBO is in westward phase. During the years 1993, 1995 and 1997, when the stratospheric QBO is in eastward phase, the condition is favourable for its direct vertical propagation.
Though stratospheric winds are favourable for the westward propagating 16-d wave at certain times, the wave may undergo significant damping while propagating through the mesospheric westward winds. However, the presence of these waves at MLT heights during these periods (for example, during the spring months of 1993, 1995 and 1997) suggests that the waves would have been generated in situ at these heights due to the momentum deposition by gravity waves that could be modulated at 16-d periods at lower heights (Williams and Avery, 1992) .
The interannual variability of the 16-d wave has been addressed earlier by Espy et al. (1997) and Jacobi et al. (1998a, b) . Espy et al. (1997) found 16-d wave in polar mesopause temperatures. The authors gave an explanation for its presence in summer in terms of cross-equator propagation and the modulation effects induced by the QBO. It should be noted that in the modeling study of Forbes et al. (1995) the cross-equator propagation occurs in upper mesopause heights and so should be largely unaffected by the stratospheric QBO. Luo et al. (2000) studied interannual variability of 16-d wave over Saskatoon (52 • N, 107
• W) using nearly 16 years of MF radar data, in terms of winter and summer events, considering respectively, the effect of stratospheric warming in the winter polar stratosphere and hemispheric leakage. They found no evidence for the relation between the local winter 16-d waves and major stratospheric warmings. However, they found positive/negative/weak correlation between the stratospheric QBO and 16-d wave amplitudes at mesospheric heights. They observed that the 16-d wave preferred to appear during the westward QBO phase at certain times. The present study reveals consistent occurrence of 1arge amplitude 16-d wave during eastward phase of stratospheric QBO. However, the number of years considered herein is very limited. Figure 8 shows the same as Fig. 5 but for the 3.5-d ultrafast Kelvin (UFK) wave. The comparison of 3.5-d wave activity with the direction of stratospheric QBO winds shows that the wave is present irrespective of whether the strato-spheric QBO winds are eastward or westward. The phase speed of the 3.5-d wave for zonal wavenumber 1 is ∼120 m/s and is sufficiently larger than the QBO wind speed and hence it can easily reach the mesospheric heights. Comparison of Fig. 8 with the top panel of Fig. 3 shows that the 3.5-d wave energy tends to appear preferentially during the westward phase of the mesospheric SAO. This has been reported earlier by the authors (Sridharan et al., 2002) . Yoshida et al. (1999) have observed a similar behaviour of the UFK wave over Indonesia. Peaks during September 1995 , March 1996 , October 1996 and September 1997 coincide with the peak westward zonal flow. It is anticipated that as the 3.5-d UFK is an eastward propagating wave, westward zonal flow is a favourable condition for its vertical propagation. However, it may also be noted that the observed Kelvin wave amplitudes are relatively smaller at times of intense mean westward motions (in the range 50-80 m/s) in the zonal flow, for example, during the spring months of 1995 and 1997.
Conclusion
It is known that the long-term variability of planetary waves is mainly governed by the underlying winds through which they propagate and the strength and efficiency of the wave excitation processes at various levels. In this paper, the interannual variability of planetary-scale waves is examined based on the direction of stratospheric QBO at 30 hPa level. The presence of these waves at MLT heights over interannual time scales can be explained partly by considering an appropriate phase of the stratospheric QBO. One limitation of this work is that the number of QBO cycles considered is too few. Also, there are some observations which cannot be explained based on the direction of the stratospheric QBO wind speed alone.
It has not been possible so far to ascertain whether the observed long-period waves in the MLT region owe their origin to the instabilities driven in-situ or propagate from below. The observational knowledge of source mechanisms responsible for the generation of planetary waves has been very limited and any future study in this direction will help to resolve some of the issues raised in this work.
